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AAR

:   annualized attack rate

AHP

:   acute hepatic porphyria

AIP

:   acute intermittent porphyria

ALA

:   δ‐aminolevulinic acid

ALAS1

:   δ‐aminolevulinic acid synthase 1

CKD

:   chronic kidney disease

eGFR

:   estimated glomerular filtration rate

EQ‐5D‐5L

:   EuroQoL 5‐dimensions questionnaire 5‐levels

HCP

:   hereditary coproporphyria

LC‐MS/MS

:   liquid chromatography‐tandem mass spectrometry

PBG

:   porphobilinogen

QoL

:   quality of life

ULN

:   upper limit of normal

VP

:   variegate porphyria

Acute hepatic porphyria (AHP) comprises a group of rare metabolic diseases caused by mutations in genes encoding enzymes involved in heme biosynthesis.[1](#hep30936-bib-0001){ref-type="ref"}, [2](#hep30936-bib-0002){ref-type="ref"} The four types of AHP are autosomal dominant acute intermittent porphyria (AIP), variegate porphyria (VP), hereditary coproporphyria (HCP), and the extremely rare autosomal recessive δ‐aminolevulinic acid (ALA) dehydratase deficient porphyria.[3](#hep30936-bib-0003){ref-type="ref"}, [4](#hep30936-bib-0004){ref-type="ref"} AIP is the most common type, with a prevalence of disease‐related mutations of approximately 1:1,700, with penetrance estimated at approximately 20% in families with AIP but only 1% in the general population.[5](#hep30936-bib-0005){ref-type="ref"}, [6](#hep30936-bib-0006){ref-type="ref"}

Induction of the heme synthesis pathway in the liver through the initial and rate‐limiting enzyme δ‐aminolevulinic acid synthase 1 (ALAS1) can be precipitated by a variety of triggers. In patients with AHP, this induction can result in the accumulation of toxic heme intermediates, primarily ALA and porphobilinogen (PBG), which are likely responsible for disease manifestations that include potentially life‐threatening neurovisceral attacks.[7](#hep30936-bib-0007){ref-type="ref"}, [8](#hep30936-bib-0008){ref-type="ref"}, [9](#hep30936-bib-0009){ref-type="ref"}

During attacks, patients typically present with multiple signs and symptoms caused by dysfunction across the autonomic, central, and peripheral nervous systems. They often require hospitalization and pain relief with opioids.[7](#hep30936-bib-0007){ref-type="ref"}, [9](#hep30936-bib-0009){ref-type="ref"} Most symptomatic patients have only a few attacks in their lifetimes; however, approximately 3%‐8% of symptomatic patients with AIP experience recurrent attacks.[10](#hep30936-bib-0010){ref-type="ref"}, [11](#hep30936-bib-0011){ref-type="ref"} Patients may also experience chronic symptoms between attacks,[12](#hep30936-bib-0012){ref-type="ref"}, [13](#hep30936-bib-0013){ref-type="ref"}, [14](#hep30936-bib-0014){ref-type="ref"} a negative impact on their physical and emotional health,[4](#hep30936-bib-0004){ref-type="ref"}, [12](#hep30936-bib-0012){ref-type="ref"} and diminished quality of life (QoL).[15](#hep30936-bib-0015){ref-type="ref"} In addition, long‐term complications related to AHP and its treatment can occur, including liver disease (e.g., cirrhosis and hepatocellular carcinoma),[16](#hep30936-bib-0016){ref-type="ref"}, [17](#hep30936-bib-0017){ref-type="ref"} chronic kidney disease (CKD; as assessed by estimated glomerular filtration rate \[eGFR\]), and systemic arterial hypertension.[9](#hep30936-bib-0009){ref-type="ref"}, [18](#hep30936-bib-0018){ref-type="ref"}, [19](#hep30936-bib-0019){ref-type="ref"}, [20](#hep30936-bib-0020){ref-type="ref"}

Given the rarity of the disease and the nonspecific constellation of signs and symptoms, patients typically experience substantial delays in diagnosis, with one study suggesting a mean time to diagnosis of 15 years from symptom onset.[13](#hep30936-bib-0013){ref-type="ref"} This is of concern, as patients may experience worsening disease manifestations while undergoing diagnostic testing or treatment for an incorrect diagnosis. Attacks that are not treated promptly can lead to severe neurologic damage, require prolonged periods of recovery, or, in some cases, are fatal.[9](#hep30936-bib-0009){ref-type="ref"}, [21](#hep30936-bib-0021){ref-type="ref"}, [22](#hep30936-bib-0022){ref-type="ref"}

The only approved treatment for acute attacks is hemin (heme arginate in Europe and lyophilized hematin in the United States), which is administered intravenously and acts by down‐regulating hepatic ALAS1.[23](#hep30936-bib-0023){ref-type="ref"}, [24](#hep30936-bib-0024){ref-type="ref"} There are no approved pharmacotherapies for attack prevention.[25](#hep30936-bib-0025){ref-type="ref"} Current strategies include trigger avoidance (e.g., porphyrinogenic drugs, fasting), early ingestion of carbohydrates, suppression of ovulation, and off‐label intravenous hemin prophylaxis.[7](#hep30936-bib-0007){ref-type="ref"}, [26](#hep30936-bib-0026){ref-type="ref"} However, prophylactic hemin may induce dependence on exogenous heme, has potential acute side effects (e.g., infusion site reactions, nausea, fatigue, and headache), and may result in potential complications related to chronic administration (e.g., iron overload, tachyphylaxis, and venous obliteration).[7](#hep30936-bib-0007){ref-type="ref"}, [11](#hep30936-bib-0011){ref-type="ref"}, [18](#hep30936-bib-0018){ref-type="ref"}, [26](#hep30936-bib-0026){ref-type="ref"} Hormonal interventions to prevent ovulation include gonadotropin‐releasing hormone analogs with or without add‐back estrogen and low‐dose oral contraceptives[27](#hep30936-bib-0027){ref-type="ref"}, [28](#hep30936-bib-0028){ref-type="ref"}, [29](#hep30936-bib-0029){ref-type="ref"} but are complex and applicable only in select patients. In a small number of severely affected patients, liver transplantation has resulted in normalization of ALA and PBG and the cessation of porphyria attacks.[30](#hep30936-bib-0030){ref-type="ref"} Limitations include a shortage of donors, highly invasive operations, lifelong immunosuppression therapy, and high rates of hepatic artery thrombosis.[30](#hep30936-bib-0030){ref-type="ref"} Thus, there is a high unmet medical need for effective treatments.

Addressing these needs is impaired by a limited understanding of the natural history of AHP. Although there are a few natural history studies characterizing patients with AHP and their management,[13](#hep30936-bib-0013){ref-type="ref"}, [31](#hep30936-bib-0031){ref-type="ref"}, [32](#hep30936-bib-0032){ref-type="ref"} there have been no multinational, prospective, longitudinal studies that document the burden of disease in severely affected patients who experience recurrent attacks. The present study, EXPLORE, was thus designed to characterize the natural history and current clinical management of patients with AHP experiencing recurrent attacks. Secondary objectives included characterization of levels of urinary and serum ALA, PBG, and circulating hepatic *ALAS1* mRNA levels during and between attacks; AHP signs and symptoms during and between attacks; medical and medication history; familial history; QoL; and health care utilization.

Patients and Methods {#hep30936-sec-0005}
====================

Study Design and Oversight {#hep30936-sec-0006}
--------------------------

EXPLORE is a prospective, multinational, observational, natural history study in patients with AHP experiencing recurrent attacks (defined in this study as ≥3 porphyria attacks within 12 months before the baseline visit) or on prophylactic treatment to prevent attacks. The study was initiated in September 2014, completed in November 2016, and conducted at 21 centers (7 in the United States and 14 in Europe). The study included clinical visits (with physical examination, patient questionnaires, blood draws, and laboratory assessments) at baseline, 6 months, and an optional visit at 12 months, with telephone follow‐up every 2 months (Supporting Table [S1](#hep30936-sup-0001){ref-type="supplementary-material"}). The study design was developed in collaboration with the sponsor, principal investigators, and the American Porphyria Foundation. All patients provided informed consent in writing. The study was approved by central and local institutional review boards or ethics committees according to the International Conference on Harmonization for Good Clinical Practice and the World Health Organization Declaration of Helsinki. The trial is registered at [www.ClinicalTrials.gov](http://www.ClinicalTrials.gov) (NCT02240784).

Patients {#hep30936-sec-0007}
--------

Male or female patients aged ≥18 years were eligible if they had a diagnosis of AIP, HCP, or VP made by a porphyria specialist. Diagnosis was based on a history of clinical manifestations of AHP (such as acute attacks of abdominal, back, or limb pain), biochemical evidence of an AHP attack (≥1 documented urine or plasma PBG level \>4 times the upper reference limit), and presence of a pathogenic genetic mutation. If no mutation had been identified by sequencing of relevant heme biosynthesis genes, patients were eligible if they had an AIP, HCP, or VP diagnosis made by a porphyria specialist, documented PBG elevation, and either decreased hydroxymethylbilane synthase activity in erythrocytes or increased fecal coproporphyrins with a ratio of coproporphyrin III/coproporphyrin I \>4 with or without elevation of fecal protoporphyrin.

Eligible patients had to be experiencing recurrent attacks defined by meeting one of the following: ≥3 porphyria attacks within 12 months before the baseline visit, monthly (or more frequent) prophylactic hemin treatment (regardless of attack frequency), or prophylactic gonadotropin‐releasing hormone analog treatment (regardless of attack frequency). At least one of the prior attacks had to require hemin or treatment at a hospital or in a health care setting (e.g., clinic or infusion center). Patients were excluded if they were actively participating in a clinical trial of an investigational product. Patients could also be excluded if they were not considered a good candidate for participation as judged by a study investigator.

Study Assessments {#hep30936-sec-0008}
-----------------

Full details of study assessments are in Supporting Table [S1](#hep30936-sup-0001){ref-type="supplementary-material"}. In brief, at clinic visits (baseline, Month 6, and optional Month 12), patients completed questionnaires detailing AHP symptoms and treatment, QoL (using EuroQoL 5‐dimensions questionnaire 5‐levels \[EQ‐5D‐5L\], a QoL measure used in multiple diseases and population groups[33](#hep30936-bib-0033){ref-type="ref"}), and health status. Physical examinations and laboratory assessments (including urinary porphyrin precursor analysis, liver function tests, hematology, and serum chemistry) were also performed, with all samples being shipped on dry ice (for sample collection at sites) or freezer packs (for home sample collection) to a central laboratory for analysis. Spot urine ALA and PBG were assessed by a validated assay at a central laboratory (Covance Laboratory, Utah) using liquid chromatography‐tandem mass spectrometry (LC‐MS/MS)[34](#hep30936-bib-0034){ref-type="ref"} and results normalized to urine creatinine. The upper reference limit for urinary ALA and PBG was established by assessing urinary ALA and PBG levels in 150 normal healthy subjects.[35](#hep30936-bib-0035){ref-type="ref"} Circulating hepatic *ALAS1* mRNA levels (hereafter called ALAS1 mRNA) were measured in exosomes isolated from spot urine samples using the circulating extracellular RNA detection assay (as described[36](#hep30936-bib-0036){ref-type="ref"}). *ALAS1* mRNA levels are expressed relative to normal healthy levels.[36](#hep30936-bib-0036){ref-type="ref"} For remote assessments, performed at Months 2 and 4 and optional Months 8 and 10, patients completed questionnaires detailing AHP symptoms and treatment and mailed a spot urine sample to assess PBG and ALA levels. Any adverse medical occurrence in a patient that was judged by the investigator as not related to a study procedure was recorded as a change in health status.

Definition and Assessment of AHP Attacks {#hep30936-sec-0009}
----------------------------------------

An AHP attack was reported by the patient if the attack required increased pain medication or carbohydrate intake, hemin administration, and/or hospitalization for signs and symptoms of AHP, including but not limited to severe abdominal pain, vomiting, tachycardia, constipation, arterial hypertension, or hyponatremia. An attack was defined as new if it started at least 1 calendar day after the last attack ended. Attacks were classified according to the duration and location of attack treatment (e.g., home or health care facility). The frequency of AHP attacks was assessed by calculating the mean annualized attack rate (AAR).

During an attack, urine ALA and PBG levels were measured daily, and, to capture symptoms experienced, patients completed an attack symptom inventory form daily. If the attack required hospitalization, then physical and neurologic examinations, vital signs, available laboratory assessments, and attack treatment were recorded. One and 2 weeks after an attack, ongoing AHP symptoms were captured during phone interviews conducted by study center staff.

Statistical Analysis {#hep30936-sec-0010}
--------------------

Data from all patients who completed screening were analyzed. As EXPLORE is an observational study, no formal hypothesis testing was conducted, and sample size was not based on statistical considerations. Results were analyzed using descriptive statistics.

Results {#hep30936-sec-0011}
=======

Study Population {#hep30936-sec-0012}
----------------

A total of 112 patients were enrolled, 104 of whom had AIP, 3 had HCP, and 5 had VP (Table [1](#hep30936-tbl-0001){ref-type="table"}). Patients were predominantly female (89%) and Caucasian (85%), with 56% from Europe and 44% from the United States. Ninety‐six (86%) patients had genotype results available, which identified 64 distinct mutations in the *hydroxymethylbilane synthase* gene in patients with AIP. The most common genotypes were p. R173W (4 \[4%\] patients) and p. W283X (4 \[4%\] patients). The 8 patients with VP and HCP all had distinct genotypes. Six‐month and optional 12‐month follow‐up visits were completed by 107 (96%) and 80 (71%) patients, respectively (Supporting Fig. [S1](#hep30936-sup-0001){ref-type="supplementary-material"}), and the mean (standard deviation \[SD\]) of duration on study was 10.6 (2.8) months. There were no deaths during the study, but one death was reported by an investigator in a patient after she had left the study (see On‐Study Changes in Health Status).

###### 

Patient Demographics and Disease Characteristics in EXPLORE

  Variable                                                                                   Patients (n = 112)
  ------------------------------------------------------------------------------------------ --------------------
  Age in years                                                                               38 (19‐70)
  Female sex                                                                                 100 (89)
  Ethnicity                                                                                  
  White                                                                                      95 (85)
  Asian                                                                                      3 (3)
  Black                                                                                      3 (3)
  Not provided                                                                               11 (10)
  Geographic region                                                                          
  Europe                                                                                     63 (56)
  United States                                                                              49 (44)
  AHP type                                                                                   
  AIP                                                                                        104 (93)
  HCP                                                                                        3 (3)
  VP                                                                                         5 (4)
  Relative with known or suspected AHP                                                       83 (74)
  Time since first attack in years                                                           8.0 (0.5‐41.1)
  Number of attacks in the last 12 months                                                    6 (0‐52)
  Number of attacks in the last 12 months requiring hemin treatment and/or hospitalization   4 (0‐50)
  Number of patients reporting attacks in the last 12 months                                 
  0 attacks                                                                                  6 (5)
  1‐2 attacks                                                                                6 (5)
  3‐5 attacks                                                                                42 (38)
  6‐10 attacks                                                                               22 (20)
  \>10 attacks                                                                               36 (32)
  Patients experiencing chronic AHP symptoms                                                 73 (65)
  Patients who received prior hemin treatment for attacks                                    94 (84)
  Current hemin prophylaxis                                                                  52 (46)
  Weekly dosing                                                                              22 (42)
  Monthly dosing                                                                             10 (19)
  Unknown dosing                                                                             4 (8)
  Other                                                                                      16 (31)
  Time in years on hemin prophylaxis                                                         5 (0‐26)

Data are presented as n (%) or median (range).

John Wiley & Sons, Ltd

Disease and Treatment Characteristics at Baseline {#hep30936-sec-0013}
-------------------------------------------------

In the 12 months before study entry, patients reported a median (range) of 6 (0‐52) attacks, with 32% experiencing \>10 attacks (Table [1](#hep30936-tbl-0001){ref-type="table"}). Of those attacks, the median number (range) that required hemin or treatment at a health care facility was 4 (0‐50). Patients reported a broad array of signs and symptoms associated with attacks (Fig. [1](#hep30936-fig-0001){ref-type="fig"}A). Almost all patients (99%) reported pain during attacks, mostly abdominal pain (92%), arm/leg pain (77%), and back pain (72%). Other common signs and symptoms (occurring in \>80% of patients) included nausea (85%) and change in urine color (81%; Fig. [1](#hep30936-fig-0001){ref-type="fig"}A). Chronic symptoms occurring between attacks were reported by 73 (65%) patients (Fig. [1](#hep30936-fig-0001){ref-type="fig"}B), with 52 (46%) patients experiencing these daily. The most common chronic symptoms were pain, nausea, tiredness, and anxiety.

![Percentage of patients reporting attack or chronic symptoms at baseline. (A) Attack symptoms and (B) chronic symptoms. Symptom categories (pain, mood/sleep, GI, and other) were used when collecting data from patients to aid the reporting process. Chronic symptoms between attacks were reported by 73 (65%) patients; percentages are based on these 73 patients. Abbreviation: GI, gastrointestinal.](HEP-71-1546-g001){#hep30936-fig-0001}

Before entering the study, hemin treatment for attacks had been received by 94 (84%) patients, with side effects reported in 55 (59% of those who had received hemin) patients. Common side effects reported because of hemin use included headache, flu‐like symptoms, increased iron or ferritin levels (secondary iron overload), phlebitis, thrombosis, and difficulties with venous access. Sixty‐two (55%) patients reported taking medications prophylactically for AHP at baseline, of whom 52 (46%) patients received hemin (Table [1](#hep30936-tbl-0001){ref-type="table"}), 6% were on a gonadotropin‐releasing hormone analog, and 22% took "other" medications (including opioids, nonsteroidal anti‐inflammatory drugs, antidepressants, and benzodiazepines, among others). The most common regimen reported for those on hemin prophylaxis was weekly (42% of patients). Rates of hemin prophylaxis were slightly higher in the United States (53% of patients) than in Europe (41% of patients). Chronic symptoms were reported in a similar number of AIP patients who received hemin prophylaxis (n = 33 \[66%\]) as those who received no hemin prophylaxis (n = 34 \[63%\]) before screening.

Concomitant Medical History {#hep30936-sec-0014}
---------------------------

Medical history or conditions commonly associated with AHP included placement of a central venous catheter in 45 (40%) patients, systemic arterial hypertension in 27 (24%) patients, and depression in 20 (18%) patients (Supporting Table [S2](#hep30936-sup-0001){ref-type="supplementary-material"}). In addition, 12 (11%) patients experienced renal or urinary disorders, including 5 (4%) patients with renal failure and an additional 3 (3%) patients with CKD, based on medical history. Three (3%) patients had a history of infection related to a central venous catheter and 5 (4%) patients had experienced thrombotic events related to a central catheter. All patients reported taking at least one prior and ongoing medication at the time of study entry. The most common medications were those used to treat or prevent AHP symptoms, including hemin in 83 (74%) patients, natural opium alkaloids in 62 (55%) patients, parenteral glucose solutions in 37 (33%) patients, and extra oral carbohydrates in 30 (27%) patients. The most frequently reported other porphyria‐related medications were paracetamol (25%), ondansetron (22%), gabapentin (13%), and lorazepam (11%).

On‐Study Attack Characteristics and Treatment {#hep30936-sec-0015}
---------------------------------------------

During the study, 98 (88%) patients experienced a total of 483 attacks. Of these, 371 (77%) required treatment at a health care facility and/or hemin administration, with a higher frequency in patients with AIP (79%) than patients with HCP and VP (44%; Table [2](#hep30936-tbl-0002){ref-type="table"}). The most common treatment location was an inpatient ward (33%), followed by home (31%). Hemin treatment was used in 69% of attacks and opioids were used in 54% of attacks (Table [2](#hep30936-tbl-0002){ref-type="table"}). The median AAR for attacks requiring treatment at a health care facility and/or hemin administration was 2.0 (0.0‐37.0). The median AAR was similar for patients with AIP versus patients with HCP or VP (Table [3](#hep30936-tbl-0003){ref-type="table"}). The AAR for attacks requiring treatment at a health care facility and/or hemin administration was similar for patients who completed 6 months (n = 107) and those who completed the optional extension to 12 months (n = 80). The AAR for attacks requiring treatment at a health care facility and/or hemin administration was also similar whether patients were in the United States or Europe, receiving or not receiving hemin prophylaxis at study entry or on study, or reporting or not reporting chronic daily AHP symptoms at study entry (Table [3](#hep30936-tbl-0003){ref-type="table"}). Similar trends were observed for all on‐study attacks (including attacks treated at home without hemin), with a median (range) AAR of 3.4 (0.0‐37.0) in patients with AIP, 3.3 (1.5‐6.0) in patients with HCP and VP, and 3.4 (0.0‐37.0) attacks in all patients (Supporting Table [S3](#hep30936-sup-0001){ref-type="supplementary-material"}). The mean (SD) duration of attacks requiring treatment at a health care facility and/or hemin administration was 7.3 (6.0) days and was higher in patients with HCP and VP than patients with AIP (Table [3](#hep30936-tbl-0003){ref-type="table"}).

###### 

Characteristics of Attack Treatment During EXPLORE

  Variable                                                 AIP (n = 104)   VP and HCP (n = 8)   Total (n = 112)
  -------------------------------------------------------- --------------- -------------------- -----------------
  Total attacks                                            458             25                   483
  Requiring hemin or treatment at a health care facility   360 (79)        11 (44)              371 (77)
  Attacks by treatment location                                                                 
  Home                                                     133 (29)        15 (60)              148 (31)
  Health care facility                                     324 (71)        10 (40)              334 (69)
  Inpatient ward                                           156 (34)        5 (20)               161 (33)
  Infusion center                                          62 (14)         2 (8)                64 (13)
  Clinic office                                            58 (13)         3 (12)               61 (13)
  Emergency room                                           47 (10)         0 (0)                47 (10)
  Unknown                                                  1 (\<1)         0 (0)                1 (\<1)
  Treatment type                                                                                
  Hemin                                                    323 (71)        9 (36)               332 (69)
  Opioids                                                  250 (55)        12 (48)              262 (54)
  Other (carbohydrates, NSAIDs, other)                     202 (44)        15 (60)              217 (45)

Data are presented as n (%).

Abbreviation: NSAID, nonsteroidal anti‐inflammatory drug.
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###### 

Characteristics of Attacks Requiring Treatment at a Health Care Facility and/or Hemin Administration Experienced During EXPLORE

  Variable                                                           AIP (n = 104)    HCP and VP (n = 8)   Total (n = 112)
  ------------------------------------------------------------------ ---------------- -------------------- -----------------
  Number of attacks                                                  2 (0‐37)         1 (0‐4)              2 (0‐37)
  Attack duration per subject (days)                                 6.7 (3.4)        15.1 (18.1)          7.3 (6.0)
  AAR                                                                2.0 (0.0‐37.0)   1.3 (0.0‐4.2)        2.0 (0.0‐37.0)
  AAR by region                                                                                            
  Europe                                                             1.0 (0‐37.0)     1.2 (1.0‐1.5)        1.0 (0‐37)
  US                                                                 3.3 (0.0‐15.9)   1.5 (0.0‐4.2)        2.1 (0.0‐15.9)
  AAR by hemin prophylaxis[\*](#hep30936-note-0006){ref-type="fn"}                                         
  Yes                                                                2.5 (0.0‐20.0)   3.1 (1.9‐4.2)        2.5 (0.0‐20.0)
  No                                                                 2.0 (0.0‐37.0)   1.0 (0.0‐2.0)        1.5 (0.0‐37.0)
  AAR by daily symptoms[†](#hep30936-note-0007){ref-type="fn"}                                             
  Yes                                                                2.0 (0.0‐22.3)   1.0 (0.0‐4.2)        2.0 (0.0‐22.3)
  No                                                                 2.8 (0.0‐37.0)   1.9 (1.0‐2.0)        2.0 (0.0‐37.0)

Data are presented as median (range) or mean (SD). AAR is annualized attack rate, calculated (number of attacks ÷ time on study).

At study entry or on study.

At study entry.

John Wiley & Sons, Ltd

Baseline and On‐Study Biomarker Assessments {#hep30936-sec-0016}
-------------------------------------------

The nonattack mean (SD) urine ALA levels (all samples collected excluding those taken during an attack or when affected by hemin treatment) when they were not experiencing attacks (baseline and during study period) were 14.1 (9.5) mmol/mol creatinine in patients with AIP and 3.6 (3.4) mmol/mol creatinine in patients with HCP and VP (although there were only 8 patients with HCP or VP; Supporting Fig. [S2](#hep30936-sup-0001){ref-type="supplementary-material"}A). These values compare with an upper limit of normal (ULN) of 1.5 mmol/mol creatinine for urinary ALA in healthy non‐AHP individuals as determined by LC‐MS/MS assay (see Study Assessments).[35](#hep30936-bib-0035){ref-type="ref"} The nonattack mean (SD) urine PBG levels were 32.1 (18.6) mmol/mol creatinine in patients with AIP and 1.6 (2.4) mmol/mol creatinine in patients with HCP and VP (Supporting Fig. [S2](#hep30936-sup-0001){ref-type="supplementary-material"}B). These values compare with healthy non‐AHP individuals in whom the ULN for urinary PBG is 0.14 mmol/mol creatinine as determined by LC‐MS/MS assay (see Study Assessments).[35](#hep30936-bib-0035){ref-type="ref"}

During attacks on study (any attack type), the maximum urine ALA and PBG levels increased by an average of 193% and 146%, respectively, compared with the nonattack mean (Fig. [2](#hep30936-fig-0002){ref-type="fig"}A and 2B). For attacks that required treatment at a health care facility or with hemin, mean peak urine ALA and PBG values were slightly higher compared with other attack types (220% and 164%, respectively, for all patients). Following treatment with hemin, mean ALA and PBG levels decreased to near or below levels recorded between attacks.

![Urine ALA, PBG, and *ALAS1* mRNA measurements during the study for all AHP types. (A) ALA, (B) PBG, and (C) *ALAS1* mRNA. The vertical lines represent the most extreme point within 1.5 interquartile ranges. The bottom and top edges of the box indicate intraquartile range. The line inside the box indicates the median value. Nonattack mean is the average of all samples collected (excluding those taken during an attack or when affected by hemin treatment) for each patient. Attack peak is the maximum value recorded during an attack for each patient. Abbreviation: cr, creatinine.](HEP-71-1546-g002){#hep30936-fig-0002}

At baseline (measured in all patients, one sample per patient), normalized urine *ALAS1* mRNA levels were approximately 4‐fold above levels in normal healthy individuals and approximately 2‐fold above levels in chronic high‐excreter patients (patients with AHP mutations and elevated urinary ALA/PBG levels but not experiencing acute attacks), as reported in the literature.[36](#hep30936-bib-0036){ref-type="ref"} Baseline normalized *ALAS1* mRNA levels were approximately 2‐fold higher in patients with AIP than in patients with HCP and VP (Supporting Fig. [S2](#hep30936-sup-0001){ref-type="supplementary-material"}C). During an attack, urine *ALAS1* mRNA levels increased by approximately 33% above the nonattack mean (Fig. [2](#hep30936-fig-0002){ref-type="fig"}C). Following treatment with hemin, mean *ALAS1* mRNA levels decreased to 27% below the nonattack mean.

On‐Study Changes in Health Status {#hep30936-sec-0017}
---------------------------------

During the study, 96 (86%) patients experienced at least one change in health status, and 6% experienced at least one adverse event (change in health status related to study procedure, e.g., vessel puncture site bruise); all were mild or moderate in severity and none led to study discontinuation. No serious adverse events occurred. The most common on‐study changes in health status, as reported by investigators, were headache in 15 (13%) patients, nasopharyngitis in 14 (13%) patients, influenza and systemic arterial hypertension in 9 (8%) patients, gastroenteritis and arthralgia in 8 (7%) patients, and fatigue, pyrexia, and extremity pain in 7 (6%) patients. Changes in health status related to central venous catheters were observed in 8 (7%) patients overall and included (in 1 patient each) thrombosis in device, infusion site thrombosis, embolism, superior vena cava syndrome, *Clostridium difficile* infection, bacterial sepsis, fungal sepsis, systemic inflammatory response syndrome, and septic shock. One patient with AIP with a history of CKD and chronic pancreatitis left the study at 6 months because of deteriorating health and subsequently died because of end‐stage chronic liver disease judged by the treating physician to be secondary to AIP.

Baseline and On‐Study Laboratory Assessments {#hep30936-sec-0018}
--------------------------------------------

Mean values for liver function tests, hematology, serum chemistry, and renal parameters remained relatively constant over the course of the study. At baseline, approximately 16% of all patients had elevations of liver aminotransferases (\>1 × ULN and \<3 × ULN). One patient had an increase in alanine aminotransferase and aspartate aminotransferase from ≤3 × ULN at study entry to between \>5 × ULN and ≤10 × ULN at the Month 12 visit. The cause of this elevation was not reported. The patient did not experience an AHP attack at this time and had not had any changes in concomitant medications at or shortly before the time of the elevations. Seventy‐six (68%) patients had reduced eGFR (\<90 mL/min/1.73 m^2^) during the study, including 31 (28%) patients who met the criteria for stage 3a, 3b, or 4 CKD,[37](#hep30936-bib-0037){ref-type="ref"} based on an eGFR level of 15‐59 mL/min/1.73 m^2^.[38](#hep30936-bib-0038){ref-type="ref"}

Baseline and On‐Study QoL {#hep30936-sec-0019}
-------------------------

Overall, patients with AHP experiencing recurrent attacks had low QoL at baseline and throughout the study. At baseline, mean (SD) EQ‐5D‐5L Index Scores were 0.78 (0.15) in a patient population with a median age of 38 years, which is lower than the European population norm of 0.92 for EQ‐5D‐5L (for the 35‐44 age group).[39](#hep30936-bib-0039){ref-type="ref"} Self‐rated health status using a mean (SD) EQ‐5D‐5L visual analog scale was decreased to 66 (100 signifying maximal score and best health) at baseline and remained stable over the course of the study. Visual analog scale scores were similar whether or not a patient had ever used prophylactic hemin. The three dimensions most affected by AHP, with at least some problems noted, were pain and discomfort (72 \[64%\] patients), anxiety and depression (57 \[51%\] patients), and ability to perform usual activities (57 \[51%\] patients; Fig. [3](#hep30936-fig-0003){ref-type="fig"}).

![Patients reporting problems affecting QoL across the five dimensions of EQ‐5D‐5L.](HEP-71-1546-g003){#hep30936-fig-0003}

Baseline and On‐Study Health Care Utilization and Economic Impact {#hep30936-sec-0020}
-----------------------------------------------------------------

Overall, patients with AHP reported a high level of health care utilization during EXPLORE. At 12 months, patients reported a mean (SD) of 3.6 (8.6) emergency room visits and 5.1 (14.9) overnight hospital stays while on study. Health care utilization was similar regardless of whether or not patients had ever been treated with prophylactic hemin. AHP also had a significant economic impact on patients. Sixty‐eight percent of patients were not in full‐time work at Month 12; of those who were employed part time or full time, 52% reported missing many days of work in the last 12 months because of their porphyria (mean \[SD\] 40.2 \[53.9\] days missed). Approximately one fifth (21%) of patients had received disability payments because of AHP in the past 12 months during the study, with levels similar between US and European patients.

Discussion {#hep30936-sec-0021}
==========

EXPLORE is a multinational, prospective, observational study designed to evaluate the disease activity and clinical management of severely affected patients with AHP who experience recurrent attacks or are on treatment to prevent attacks. Such information is central to understanding the disease manifestations, as well as assessing the need for and evaluation of the benefits and risks of potential new therapies. The study population had a history of recurrent attacks (defined in this study as ≥3 attacks per year) or were on prophylactic treatment to prevent attacks. There was a wide range in the number of attacks experienced by patients, with approximately one third reporting \>10 attacks in the 12 months before enrollment. Consistent with the literature, symptoms commonly experienced during attacks included pain, nausea, muscle weakness, and tiredness.[12](#hep30936-bib-0012){ref-type="ref"}, [13](#hep30936-bib-0013){ref-type="ref"} Unique to this study was the high percentage of patients reporting a change in urine color, trouble sleeping, and problems with mental function (potentially because of effects on the central nervous system) during attacks.

A substantial number of patients (approximately two thirds) reported chronic AHP symptoms between attacks, with almost half reporting these symptoms daily. This number is considerably higher than reported in other observational studies (ranging from 18% to 22%)[13](#hep30936-bib-0013){ref-type="ref"}, [14](#hep30936-bib-0014){ref-type="ref"} but likely reflects the more severely affected patient population in this study and that some of the questionnaires were completed directly by the patients. AAR was similar whether patients reported chronic daily symptoms or not, suggesting this is not a strong predictor of attack frequency. Chronic symptoms were also reported to a similar extent whether or not a patient was on hemin prophylaxis.

All countries in the study, except Bulgaria, had hemin available for attack treatment, with 84% of the patients reporting prior hemin treatment for an attack. As prophylactic use of hemin is off‐label, access can vary by region. In this patient group, treatment practices observed with hemin prophylaxis were similar across geographic regions, although a somewhat higher rate of hemin prophylaxis was noted in the United States than in Europe. However, AAR was similar in the United States and Europe and between patients receiving or not receiving hemin prophylaxis on study or at study entry in this patient group. Consistent with the literature, approximately half of the study population were taking opioid analgesics at study entry during and/or between attacks, supporting the data indicating that the disease has chronic manifestations requiring further treatment.[26](#hep30936-bib-0026){ref-type="ref"}

The most common comorbid conditions reported in the medical history at baseline were consistent with the known natural history of patients with AHP.[13](#hep30936-bib-0013){ref-type="ref"}, [40](#hep30936-bib-0040){ref-type="ref"} Although renal disorders were reported in \~10% of patients in the medical history, approximately 70% had an abnormal eGFR (\<90 mL/min/1.73 m^2^), and 30% met the criteria for stage 3a, 3b, or 4 CKD. CKD is reported to impact 30%‐60% of patients with AHP and may be due to the toxic effects of chronic, high levels of ALA and PBG on the kidney and influenced by genetic variation in the ALA transporter peptide transporter 2.[13](#hep30936-bib-0013){ref-type="ref"}, [20](#hep30936-bib-0020){ref-type="ref"}, [40](#hep30936-bib-0040){ref-type="ref"}, [41](#hep30936-bib-0041){ref-type="ref"}

As has been observed in other studies, disease activity in patients with AIP was detectable through increased biomarker levels during and between attacks.[31](#hep30936-bib-0031){ref-type="ref"}, [42](#hep30936-bib-0042){ref-type="ref"} At baseline, there were marked elevations in levels of urinary ALA and PBG compared with the ULN in healthy individuals[35](#hep30936-bib-0035){ref-type="ref"} and in *ALAS1* mRNA compared with normal levels.[36](#hep30936-bib-0036){ref-type="ref"} Although patients with HCP or VP had near‐normal ALA and PBG levels at baseline, in all patients, ALA, PBG, and *ALAS1* mRNA levels increased during attacks. This increase suggests an important pathogenetic link of up‐regulation of hepatic ALAS1 to disease activity, although differences in ALA, PBG, and *ALAS1* mRNA levels were not analyzed for statistical significance. This has been inferred from preclinical studies in cell culture and animals, inferred from liver samples obtained from patients, and recently demonstrated in a clinical study in patients with AIP who were treated with an investigational RNA interference therapeutic givosiran targeting hepatic *ALAS1* mRNA.[43](#hep30936-bib-0043){ref-type="ref"}, [44](#hep30936-bib-0044){ref-type="ref"}, [45](#hep30936-bib-0045){ref-type="ref"}, [46](#hep30936-bib-0046){ref-type="ref"}

An association between elevated ALA and PBG levels and disease activity in patients with AIP has been reported in the literature.[31](#hep30936-bib-0031){ref-type="ref"} Similarly, therapeutics that lower elevated ALA and PBG levels transiently (hemin), in a more prolonged manner (givosiran), and permanently (liver transplantation) have been shown to reduce disease activity.[30](#hep30936-bib-0030){ref-type="ref"}, [46](#hep30936-bib-0046){ref-type="ref"}, [47](#hep30936-bib-0047){ref-type="ref"} In EXPLORE, hemin treatment led ALA, PBG, and *ALAS1* mRNA levels to decrease to near or below nonattack levels. *ALAS1* mRNA up‐regulation and increased ALAS1 enzyme activity have been demonstrated in animal models of AIP and in liver tissue from patients with refractory AIP. However, longitudinal data on changes in hepatic *ALAS1* mRNA or ALAS1 protein levels have not been previously available because of the requirement for repeated invasive liver biopsies.[43](#hep30936-bib-0043){ref-type="ref"} By measuring circulating *ALAS1* mRNA from exosomes isolated from urine (methodology used in this study), the study confirmed the central importance of hepatic ALAS1 induction in AHP pathophysiology and provided a noninvasive way to measure dynamic changes in hepatic ALAS1, which potentially could serve as a marker of disease activity and therapeutic response in these patients.

At study entry, patients reported diminished QoL while not experiencing an attack compared with population norms, which remained relatively stable at the 6‐month and 12‐month assessments and did not differ based on prophylactic hemin usage. These data are consistent with other studies that used EQ‐5D‐5L to demonstrate diminished QoL in patients with AHP.[15](#hep30936-bib-0015){ref-type="ref"}, [48](#hep30936-bib-0048){ref-type="ref"} There was also a significant economic burden highlighted in patients from EXPLORE who exhibited increased health care utilization and substantial numbers of lost work days, with over two thirds of patients not in full‐time employment and around one quarter receiving disability payments.

A potential limitation of the study is that attacks were patient reported and did not require confirmation by a clinician or by increases in ALA and PBG levels. This method of attack ascertainment, however, largely reflects what occurs in clinical practice after patients have already been diagnosed with AHP, as patients may not be seen by the porphyria specialist for every attack, and ALA and PBG are often not obtained or available in real time when a patient presents with a potential porphyria attack. As it is possible that patients could experience symptoms that were similar to those of attacks but not due to AHP, this may have led to an overestimation of attack frequency. However, when measured once an attack was reported, mean ALA and PBG levels increased from baseline, suggesting patient‐reported attacks were likely to be related to AHP. In addition, the attack rate during the study actually decreased compared with the attack rates reported by both the investigators and the patients in the year before the study. Finally, over three quarters of attacks required treatment at a health care facility and/or hemin administration, indicating these were serious medical events indicative of AHP attacks.

This prospective study of patients with AHP experiencing recurrent attacks highlights the high level of disease burden in this group and demonstrates that chronic symptoms are present in a majority of such patients between attacks, diminishing their QoL. Overall, data from the EXPLORE study showed that attacks are serious and morbid events, with \>75% of attacks requiring urgent medical treatment in a hospital or health care facility and/or treatment with intravenous hemin. The use of hemin prophylaxis was reported by nearly half of patients at study entry, whereas more than half received opioid analgesics. Approximately two thirds of patients in EXPLORE experienced chronic symptoms between attacks, with almost half reporting symptoms daily.

Elevated levels of ALA, PBG, and *ALAS1* mRNA were observed in patients with AIP outside of attacks and increased further during attacks. In addition, the disease adversely affected multiple aspects of QoL, increased health care utilization, and had a substantial economic impact. These results underscore the need for novel therapies that can reduce attacks and disease manifestations between attacks and improve patients' ability to function on a daily basis.
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